Non-indigenous freshwater crayfish species (NICS) outnumber the indigenous ones in many European countries, representing a major threat to biodiversity via the spread of crayfish 'plague' and aggressive invasion and antagonism performance. Although the biological basis of this situation is well studied, the possible role of social, economic and demographic factors on this situation has been ignored. In an attempt to explore such relationships, we suggest that human population density and economic growth (measured as gross domestic product (GDP) per capita) are positively related to the increased number of NICS in the EU area. Moreover, this pattern is evident in countries with higher overall footprint (i.e. the human demand of biologically productive land and sea in global hectares required to provide resources and services on waste assimilation) compared to biocapacity. Within the above context, actions are urgently needed to restore/balance existing and projected metabolic rifts (i.e. ruptures in the normal metabolic processes in natural systems) created by the presence of NICS.
INTRODUCTION
Social forces are widely accepted as the dominant factor shaping natural environment, especially after the last industrial revolution in the 19th century (Foster, 1999a) , or even earlier during the transition from the feudalist to the capitalist era (Moore, 2000) . Material exchanges at cellular and organism level, as well as in the intensive agriculture were initially described as metabolism by the German chemist Justus von Liebig during 1850s. Agricultural activities led to soil depletion through the transportation of nutrients from the country to the cities where they accumulated as wastes. Carl Marx being aware of human dependence on nature employed in his critique of political economy the concept of metabolism to refer to the complex, dynamic interchange between humans and nature. However, under Marx's theory, humans are unable to maintain sustainable conditions of production (e.g. nutrients recycling) because such conditions are an obstacle to the pursuit of profit through the increase of operations. Therefore, metabolic rifts (i.e. ruptures of metabolic processes in the natural ecosystems) are created leading to ecological degradation (Foster, 2000) . 'Modernization' processes such as economic growth, industrialization and urbanization, along with demographic pressures are considered as critical to environmental issues such as biodiversity, climate change and ecological health of the natural environment (Czech et al., 2000; Clausen and York, 2008) . This is particularly true for aquatic environment where degradation is continually documented (for instance, 38% of the native freshwater fish species in Europe are currently threatened; Kottelat and Freyhof, 2007) , but in a rather isolated manner from the social and economic environment. Only recently, the influences of economic growth have started to be examined against the possibilities of further widening existing metabolic rifts in the aquatic environment, primarily on a macro-scale (Clausen and Clark, 2005; Clausen and York, 2008; . Therefore, focused studies on particular species/taxa, production processes or sectors would shed more light on the specific coevolving interactions between man and the natural environment (e.g. the description of metabolic rifts created in Mediterranean bluefin tuna fishery in Sicily; Longo, 2010) . Freshwater crayfish have an over time importance to local European societies both as utilitarian (food) and cultural/traditional items since the ancient times (Swahn, 2004; Koutrakis et al., 2009; Gherardi, 2011) . The populations of the five European indigenous crayfish species (ICS) [noble crayfish (Astacus astacus (Linnaeus, 1758), narrow-clawed crayfish Astacus leptodactylus Eschscholtz, 1823, thick-clawed crayfish Astacus pachypus Rathke, 1837, stone crayfish Austropotamobius torrentium (Schrank, 1803) and white-clawed crayfish Austropotamobius pallipes (Lereboullet, 1858)] once abundant, were seriously devastated by the 'crayfish plague' which was brought by asymptomatic crayfish species initially imported from North America during the late 19th century (Alderman, 1996; Diéguez-Uribeondo, 2006) . Moreover, pollution and eutrophication, overharvest, agro-chemical runoffs, alteration/destruction of natural habitats and water abstraction were (and still are) the major anthropogenic pressures leading to the extirpation of populations and disjunctive distribution of the remaining ones (e.g. Koutrakis et al., 2007; Perdikaris, 2009; Aquiloni et al., 2010) . These diversity losses are expected to develop further in the future, due to spatial expansion and competitive advantages (environmental tolerance, flexible feeding habits, high fecundity, shorter incubation period, rapid growth and aggression) of the nine established non-indigenous crayfish species (NICS) (Holdich et al., 2009) ]. Moreover, the practically uncontrolled globalized aquarium trade (regular and internet-based) of live ornamental freshwater crayfish possesses additional threat to ICS (e.g., 123 non-indigenous species are available including 107 species of high 'plague' risk originating from North and Central America in the German pet stores; Chucholl, 2010) and public education concerning the risks of releases to the natural environment are practically absent (Holdich et al., 2009) . It was projected that if no actions were taken under the current level of NICS expansion, few critically endangered populations of ICS will survive in limited confined areas in 100 years time (Taugbøl and Skurdal, 1999) . Therefore, economic incentives and human-generated impacts appear to determine significantly the future status of ICS in a Pan-European level. As NICS represent a direct threat (not only via the endangerment of ICS) to biodiversity of European freshwater habitats, which are in general already disturbed (Füreder, 2006) , the present work aims to examine possible relations and trends between NICS in the EU area and the ultimate anthropogenic factors which are the characteristics of social organization that lead to human exploitation of natural resources and environmental decline and to discuss relevant frameworks to restore/balance the observed metabolic rifts. These factors are demographic (human population density), economic (level of urbanization, gross domestic product (GDP) per capita) and ecological status (footprint/biocapacity) of each country.
MATERIALS AND METHODS
Data on the number of NICS present in 26 EU countries (excluding Malta which has no crayfish) were supplied by Holdich et al. (2009) . All data relevant to population density (persons km -2 ), percentage of urbanization and GDP per capita came from the World Bank (2010). Finally, biocapacity and ecological footprint data were supplied by World Wide Fund (2008). The dependent variable (the number of NICS) was plotted against each one of the above independent variables and coefficient r was calculated for each case.
RESULTS AND DISCUSSION

> DEMOGRAPHIC EFFECTS ON THE NUMBER OF NICS
Population density correlates well (r = 0.66) with the number of NICS (Figure 1) . From the ten crayfish species introduced in European freshwaters, nine have been successfully established due to robustness, fecundity, growth and invasiveness, among others (Holdich et al., 2009) , representing a unique success record amongst other animals; most of them are available through aquarium trade as ornamental pets, which are a popular activity in western societies (Perdikaris et al., 2010) . Similar studies (Hoffman, 2004; Clausen and York, 2008) suggested that demographic factors are related to environmental degradation as the most densely populated nations have higher rates of threatened species and certainly more hobbyists possessing and culturing crayfish. Our findings demonstrate that human population density is positively correlated to an indirect but a decisive threat to biodiversity represented by the presence of NICS. However, this trend is probably true for the early stages of adaptation and establishment and by no means conclusive, as the subsequent spread and invasion of NICS is not restricted by national barriers. Nevertheless, increased human population pressures in many cases are expected to have an effect on ICS populations (through pollution, water abstraction and loss of wetlands), which probably favour in some extent the spread of the robust alien species which are able to withstand of and flourish in adverse environmental conditions.
> ECONOMIC EFFECTS ON THE NUMBER OF NICS
Urbanization is regarded as an integral process of modernization and a central theme in the reorganization of world ecology and in nature-society dialectic (Moore, 2000) . In fact, the citycountryside antagonism is crucial for the metabolic rift theory mainly on the grounds of natural resources cycling and waste accumulation. However, urbanization level seems to have a moderate effect on the number of NICS presented in EU countries (r = 0.41) (Figure 2 ). It is a fact that cities especially close to airports and ports are the main entrance gates of international trade and also the biggest trading places themselves, however this does not necessarily imply for example that ornamental NICS released deliberately by urban citizens have more chances to survive compared for example to the escapees from a crayfish farm in the countryside, depending primarily on culture density, the number of stocked animals, the number of escapees and finally the species concerned. On the other hand, the case of the marbled crayfish (Martin et al., 2010) represents a major threat arising even from a single specimen released by an urban hobbyist (Feria and Faulkes, 2011) . The species has become
Figure 1
Graphic plot of the number of NICS against population density in the EU countries inhabited by freshwater crayfish (Austria, Belgium, Bulgaria, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Spain, Latvia, Lithuania, Luxembourg, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Sweden, United Kingdom) . Figure 1 ).
Figure 2 Graphic plot of the number of NICS against urbanization level in the EU countries inhabited by freshwater crayfish (countries as in
widely established in Madagascar; however it was first recorded in 2004 in Netherlands, in small number of sites in Germany and recently in Italy (Holdich et al., 2009) . Capital accumulation has been accused as a major factor for biodiversity destruction (Foster, 1999b) . Therefore, tracking any possible relations between economic growth indices and biodiversity or biodiversity risk factors would be valuable to visualise the extent of such an effect on the integrity of the aquatic ecosystems. According to the neo-liberal theories (for review see Clausen and York, 2008) , early stages of economic development goes parallel to the environmental degradation but eventually economic improvement (e.g., >$9000 measured as GDP per capita; Hoffman, 2004) leads to 'ecological rationalization' and amelioration of the impacts. In the case of NICS, there is a moderate tendency (r = 0.47) to gradually increase their numbers in the EU countries up to $40 000 GDP per capita before they start falling (Figure 3 ). This picture may suggest that economic growth contributes to the amplification of the pressures faced by the ICS in their habitats due to the increased numbers of NICS. Similar outcomes have been reported for the observed and expected decline of endangered species for developed nations (Czech et al. 2000; Naidoo and Adamowicz, 2001 ) and cross-nationally (Clausen and York, 2008) . The absence of NICS in countries with the highest GDP per capita such as Ireland can be explained primarily by its insular isolation. Concerning Bulgaria, the absence of NICS can be attributed to the restricted movement/travelling of people from the Eastern block and to the delayed development of internet-based commerce (i.e. e-shops), which saved this part of Europe from crayfish invasions in the past.
> ECOLOGICAL STATUS AND NICS
Scientific interest has greatly focused on issues related to the prevention of an irreversible ecological recession due to the increasing demand for energy and resources. Ecological footprinting tools (measuring the human demand of biologically productive land and sea in global hectares required to provide resources and services on waste assimilation) revealed that European per capita ecological footprint during 2005 was about double compared to the available biocapacity (4.7 gha·person -1 vs. 2.3 gha·person -1 , respectively) and about 1.7 times higher compared to the global ecological footprint (World Wide Fund, 2008) . Therefore, EU countries as a whole overshoot their biological capacity, since the ecological balance is negative, following the global trend of unsustainable resource use and waste accumulation (Kitzes et al., 2008) . In this context, there is a moderate trend of increasing number of NICS as we move from the ecological creditor to ecological debtor countries (r = 0.43) (Figure 4 ). This trend could be partly attributed to the introduction of species for replacing already devastated indigenous stocks, aquaculture activities including non-indigenous species and recently the booming of internet-based commerce (i.e. e-shops), mainly in industrialized western European countries with negative ecological balance. All the above activities have been largely depended on foreign inputs and international trade. Overall, the presence of NICS seems to indicate unsustainable practices in resource management and implies possible ecological rifts generated in many sectors of the economic activity. Managing the spread of NICS is not an easy task given the human-assisted introductions in many European countries (e.g., through aquarium trade, sales of live crayfish for human consumption, use of crayfish as angling baits, escapes form garden ponds especially during floods) (Peay, 2009) . It is obvious that profit generation and accordingly strong lobby interests in the aquarium trade are major obstacles against the introduction and enforcement of legal instruments to control the spread of NICS. Moreover, the relative effectiveness of eradication methods (i.e. using chemicals, crayfish 'plague' against susceptible NICS, trapping and biological control by stocking crayfish predators) is dependent on the time of the initial detection of NICS, overall cost and the size of the water body. Accordingly, no simple method effectively eradicating NICS is currently available or is likely to be in the near future (Freeman et al., 2010; Gherardi et al., 2011) . Therefore, indirect metabolic rifts are continuously created by the spread of NICS through direct impacts on ICS and other aquatic biota and structural modification of habitats (i.e. consumption of aquatic macrophyte, bank erosion and undermining as well as substrate disturbance) (Nyström et al., 1996) , affecting both biodiversity and the integrity of the ecosystems. Path models for the protection of ICS involving continuous monitoring of both ICS and NICS distribution range, habitat restoration, re-establishment efforts, designation of no-go areas, ark sites and species protection areas (SPAs), prevention of further spread of NICS and 'plague', augmented legislation and better enforcement policies, transboundary co-operation, public education and increased research efforts (see for instance Taugbøl and Skurdal, 1999 and Holdich et al., 2009 ) have been already proposed. Protection frameworks such as the 92/43/EEC Directive for the protection of fauna and flora and their habitats, the Natura 2000, the EU Water Directive (2000/60/EC), the 708/2007 (EC) Directive for the use of alien and locally absent species in aquaculture and recent actions by the EU to adopt strategies against alien species are expected to particularly benefit ICS populations across Europe, as well as the development of risk screening tools for NICS (e.g. FI-ISK scoring kit by Tricarico et al., 2010) . Moreover, there is a need to address the effects of socio-economic factors on ICS and NICS spread, in order to understand the impact of social forces to environmental change. Monitoring such relationships could assist to some extent in predicting future trends, having always in mind that regularities, linearities and predictability are strongly challenged when the aquatic ecosystems are pushed to their limits.
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Figure 4
Graphic plot of the number of NICS against ecological reserve/deficit values in the EU countries inhabited by freshwater crayfish (countries as in Figure 1 ).
